ABSTRACT: Incorporating single-electron tunneling (SET) of metallic nanoparticles (NPs) into modern electronic devices offers great promise to enable new properties; however, it is technically very challenging due to the necessity to integrate ultrasmall (<10 nm) particles into the devices. The nanosize requirements are intrinsic for NPs to exhibit quantum or SET behaviors, for example, 10 nm or smaller, at room temperature. This work represents the first observation of SET that defies the well-known size restriction. Using polycrystalline Au NPs synthesized via our newly developed solid-state glycine matrices method, a Coulomb Blockade was observed for particles as large as tens of nanometers, and the blockade voltage exhibited little dependence on the size of the NPs. These observations are counterintuitive at first glance. Further investigations reveal that each observed SET arises from the ultrasmall single crystalline grain(s) within the polycrystal NP, which is (are) sufficiently isolated from the nearest neighbor grains. This work demonstrates the concept and feasibility to overcome orthodox spatial confinement requirements to achieve quantum effects. S ingle-electron tunneling (SET), correlated one-by-one transfer of electrons through a Coulomb Island such as a metallic nanoparticle, offers a unique property for future singleelectron devices.
S
ingle-electron tunneling (SET), correlated one-by-one transfer of electrons through a Coulomb Island such as a metallic nanoparticle, offers a unique property for future singleelectron devices. 1−8 Coulomb Blockade (CB) and Coulomb Staircase (CS) are the two most well-known characteristics of SET. 9, 10 Scanning tunneling microscopy (STM) and spectroscopy (STS) have proven to be accurate test platforms for SET and conductance/capacitance measurements, 3,10−15 where the two electrodes and tunneling junction are shown in Figure 1B . SET is only found for nanoparticles satisfying two necessary conditions: (a) E C > k B T (the charging energy, E C = e 2 /2C, associated with the addition of one electron to an island with capacitance C must exceed the thermal energy, k B T, to surpass thermally activated electron tunneling) and (b) R > 6.5 kΩ (the tunneling resistances (R) of the junctions must be larger than the quantum resistance, h/4e 2 (∼6.5 kΩ) to reach the required signal-to-noise ratio with respect to quantum fluctuations of electrons). 6, 16 At room temperature k B T = 26 meV, and thus C must be on the order of 10 −18 F or smaller to fulfill E C > k B T. Considering metallic nanoparticles, the capacitance is correlated with particle size, C = 2πdε 0 ε, where ε is the dielectric constant of the coating, d represents the particle's diameter, and ε 0 is the vacuum permittivity constant. 6, 17 Therefore, it must be that d < 10 nm to exhibit SET at room temperature; in fact, most SET have been seen for particles of only a few nanometers. 2,6,7,16,18−22 To observe SET for particles above 10 nm, cryogenic temperatures were required, which has made device applications less practical. 8, 10, 16 Moreover, in SET reported previously, the CB and CS voltages depend on the size of the NPs. 8, 10 In this work, we demonstrate the breaking of the aforementioned size requirements. The evidence comes from the observation of SET at room temperature using Au NPs with metallic core size as large as 20 nm. The breakthrough is rationalized by the unique intraparticulate structure: the presence of single crystalline grains (≪10 nm), isolated by dielectric surroundings. The results open the paradigm that it is feasible and likely to attain SET at room temperature using NPs whose size serves the convenience of the device's design and fabrication instead of being limited by the intrinsic sizerequirements for SET. Therefore, the findings bring SET-based device development a giant step forward. In addition, this work implies that quantum effects can be observed among objects whose size pertains to classic mechanics.
A current versus voltage (I−V) spectrum for a polycrystalline Au NP is shown in Figure 1A , where CB and CS are clearly visible at room temperature. The width of the CB ranges from −0.50 to 0.56 V. The corresponding dI/dV shown in gray confirms the presence of a CB and reveals a rich local density of states at the junction, for example, a CS near −0.75 V, and multiple features and peaks between −0.7 and 1.2 V. This nanoparticle has an overall diameter of 21.2 nm. To verify that these observations were genuine and accurate, technical precautions were rigorously taken. First, all STM imaging and I−V acquisitions were carried out under ultrahigh vacuum (UHV) to prevent contamination and ensure accuracy, following protocols established by us 6 and by other researchers. 9, 23 The key components, including the two electrodes and an NP immobilized via a self-assembled monolayer (SAM), are illustrated schematically in Figure 1B . Second, prior to each I−V measurement, STM images were taken to guide the tip to park above the center of the selected NP. Then, a current-distance (I−Z) curve was acquired to designate the separation (e.g., 0.03 nm for the I−V in Figure  1A ) between the tip and the top of the NP. Accurate location of the STM tip with respect to the NP is essential for the accuracy and reproducibility of the I−V measurements. 6, 24 Third, the I− V of the surrounding SAM was acquired, serving as an internal reference. As shown in Figure 1A , the I−V of the SAM is consistent with prior investigations and does not exhibit a CB or CS. 6, 25, 26 The I−V characteristics of internal references confirmed that the STM tip was clean and that the I−V measurements were carried out accurately.
The appearance of SET for this large NP is very counterintuitive at first glance because 21.2 nm far exceeds the maximum size (10 nm) known to exhibit SET at room temperature. 2, 7, 16, 18 Among tens of Au NPs measured in four sets of independent experiments, 50% of the population exhibited SET behaviors. Intrinsically different from previous Au NPs with SET behavior, our particles are a new class of nanomaterials known as polycrystalline Au NPs, which consist of many smaller single-crystalline nanostructures within. 27, 28 The solid-state glycine matrices method yielded NPs with a narrow size distribution, revealed from our careful atomic force microscopy (AFM) imaging, STM measurements, as well as transmission electron microscopy (TEM) characterization. The overall diameter of these immobilized NPs including their coating measures 20.9 ± 0.9 nm, while the metal core is slightly smaller 20.0 ± 0.9 nm. We refer to this type of nanomaterial as P20 NPs hereafter. The fact that 50% instead of 100% P20 NPs exhibit SET behaviors is consistent with the differences in intraparticulate structure among the P20 NPs, also addressed in a later section. In the case of SAM regions, the forward and reverse I−V curves are almost superpositioned with a small difference of 4.3 pA at zero bias. In the case of P20 NPs, the forward and reverse I−V curves were almost overlapped, with a small difference of 4.4 pA at zero bias. This near reversibility suggests that no permanent damage occurred to the particle during the measurements. 10 Positive and negative control experiments were carried out and compared with the P20 NPs to demonstrate the robustness of our observations. The result from a typical positive control experiment is shown in Figure 2 , where an Au NP with an 1.5 nm core reveals a CB from −0.45 to 0.45 V, consistent with our previous finding.
6 The 1.5 nm Au core is single-crystalline according to TEM fringes, and thus these NPs are referred to as . STS I−V characteristics of a single P20 NP (red), C20 NP (green), and S1.5 NP (black) obtained at tip-NP separations of 0.03, 0.03, and 0.12 nm, respectively. Insets are STM images of the NPs, where the red, green, and black stars indicate the locations above which the I−V curves were acquired for P20, C20, and S1.5 NPs, respectively. The lateral dimension in the STM images appears larger than 20 nm due to tip convolution effects. 30, 31 Fitting (gray dashed line) of the I−V curve of the P20 NP based on the DBTJ model is shown in the same plot.
The Journal of Physical Chemistry Letters Letter S1.5 NPs. To facilitate surface adhesion they were modified by mixed dithiol and alkanethiol SAMs, resulting in 2.5 nm in overall diameter. 29 Among tens of these ultrasmall NPs measured, all (100%) revealed SET behavior. In contrast, the negative control was performed using Au NPs with almost identical core size as the P20 NPs, with the I−V measurements revealing no SET characteristics (see Figure 2) . The core size of the individual NPs studied as a negative control as calculated from the calibrated STM height is 20.0 nm, almost equal to that of P20. These conventional NPs are referred to as C20 NPs. Among all tens of C20 NPs tested, none (0%) revealed SET behavior. In contrast, P20 NPs exhibited SET (see Figure 2) .
The equivalent resistance and capacitance can be extracted using the DBTJ model of equivalent circuitry and the leastsquares fitting of the I−V measurements following prior reports. 6, 10, 22, 32 The capacitance, C = C 1 +C 2 , of the NPs can be calculated from the width of the CB (ΔV) using ΔV = e/ C. 7, 33 For the P20 NP shown in Figure 2 , ΔV = 1.06 V and C = 0.15 aF. The resistances of the two junctions extracted from the fitting (Figure 2 ) are summarized in Table 1 . The asymmetric shape of the current at negative versus positive biases suggests the existence of a nonzero value of fractional charge (Q 0 ) of 0.05 e on the NP. 3, 6 Assuming that the SET is from one Au single-crystal particle, we could estimate the particle size from the measured capacitance, C = 0.15 aF = 2πdε 0 ε, where ε of the alkanethiol SAM is 2.7. 34 The size of the P20 NP, d P20 , therefore equals 1.0 nm. The particle standing alone should exhibit SET characteristics. This exercise indicates that the SET observed is due to a subdomain of 1.0 nm, despite the overall particle dimension of 20 nm. To the best of our knowledge, these measurements provide the first unambiguous proof that the small domains within the polycrystalline Au NPs are sufficiently isolated from the rest of the particle, thus leading to SET behavior. In other words, the SET is independent of the overall polycrystalline NP size.
Corroborative evidence of the presence of subparticulate domains can be found from high-resolution TEM (HRTEM) imaging, as shown in Figure 3A . The TEM contrast of the P20 NP contains multiple crystalline grains, some marked by yellow dash frames. Further support of polycrystalline grains arises from spectroscopic investigations, including laser scanning confocal microscopy (LSCM) imaging and spectroscopy and Xray photoelectron spectroscopy (XPS). Under excitation of 514 nm, the spectrum of the P20 NPs is shown in Figure 3B , revealing an emission peak from 630−670 nm. On the basis of the correlation between the number of atoms in an Au quantum dot and the emission energy, the emission range of 630−670 nm can be ascribed to Au nanocrystals consisting of 13−23 atoms, 35 which corresponds to nanocrystals of 0.75 to 0.91 nm assuming spherical geometry. Our prior XPS study of P20 NPs reported an additional Au 4f 7/2 peak at 85.1 eV in comparison with C20 NPs, which also points to the existence of 1 nm grains. 27, 28 This Letter reports the first observation of SET from tens of nanometer sized metallic NPs at room temperature, which breaks the conventional size limit of 10 nm for a metallic NP to show SET at room temperature. This was done by using engineered polycrystalline Au NPs. The SET observed derives from the ultrasmall single crystalline grain(s) within the polycrystal, which is (are) sufficiently isolated from the nearest neighbor grains. In other words, the nanocomposite materials may be engineered to preserve the overall integrity of the particle yet maintain the individual grains' properties. Work is in progress to vary the engineering parameters and investigate the individual and overall properties of the nanocomposites.
■ EXPERIMENTAL METHODS
Materials. Glycine (≥99%), KAuCl 4 (98%), Na 2 B 4 O 7 (≥99.5%), NaOH (≥98%), 1-decanethiol (C10S) (99%), 1-octanethiol (C8S) (≥98.5%), 1,8-octanedithiol (C8S2) (≥97%), 4,4′-bis(mercaptomethyl)biphenyl (BMMBP) (97%), 2-aminoethanethiol (AET) (98%), methanol (99.8%), toluene (99.8%), and hexane (95%) were purchased from Sigma-Aldrich (St. Louis, MO). Au slugs (99.999%) were purchased from Alfa Aesar (Ward Hill, MA). Ethanol (99.99%) was purchased from Gold Shield Chemical (Hayward, CA). Water (≥18.2 MΩ) was generated from a Milli-Q system (Q-GARD 2, Millipore, Billerica, MA) and used for dilution and washing. Nitrogen gas (99.999%) was purchased from Praxair (Danbury, CT). Tungsten wire (99.95%) was purchased from California Fine Wire (Grover Beach, CA). All chemicals and materials were used without further purification.
Three Types of Au NPs. Polycrystalline NPs (P20 NPs) were synthesized using the solid-state glycine matrices method we previously reported. 28 In brief, 250 mg of glycine and 13 mg of KAuCl 4 were codissolved in 1.5 mL of water. Subsequently, the solution was nitrogen blown dry and the mixture was reduced at 453 K. The reaction was stopped when the color became dark reddish and the product was dissolved in 1 mL of water. The solution was centrifuged at 2000 g for 2 min then 4000 g for 2 min to remove the large aggregates. The supernatant was collected and further centrifuged at 7000 g for 3 min. Finally, the pellet was collected and redissolved in 10 mM Na 2 B 4 O 7 buffer.
Ultrasmall (core size <2 nm) single-crystal Au NPs (S1.5 NPs) were synthesized following previously published 
The Journal of Physical Chemistry Letters
Letter procedures. 29, 36 In brief, Au NPs were synthesized by the Brust reaction, 36 followed by size fractionation and thermal annealing to ensure a narrow distribution of the desired particle size. This step yielded single-crystal NPs with a core size of 1.5 nm coated by C8S in toluene. Subsequently, the initial surfactant coatings were replaced by C8S2 through an exchange reaction upon adding hexane-dissolved C8S2.
29 Excess C8S2 ligands were removed by repeated extraction with methanol after the exchange reaction. The final product was dispersed in hexane for further use. NPs produced in this method exhibit little to no carbon residue, as the characteristic Raman peak (1600 cm −1 ) of carbon residues was never observed from SERS spectrum of glycine-coated polycrystalline gold nanoparticles. 28 Conventional NPs (20 nm in core, C20 NPs), coated with citrate and dispersed in H 2 O, were purchased from ASEMBLON (Redmond, WA). Their size was measured via TEM to allow comparison with our P20 NP systems.
Characterization of the Core Size and Crystallinity of Au NPs via HRTEM Imaging. TEM images were obtained using a JEOL 2100 transmission electron microscope (Pleasanton, CA) with a 200 kV accelerating voltage and a point resolution of 0.23 nm. For TEM sample preparation, a solution of 1 nM Au NPs was drop cast onto a carbon-coated copper grid purchased from TED PELLA (Redding, CA) and allowed to dry.
The TEM imaging revealed the core size and narrow distribution of the P20 NPs, C20 NPs, and S1.5 NPs to be 20.0 ± 0.9, 20.2 ± 1.5, and 1.5 ± 0.4 nm, respectively. The analysis of TEM fringes revealed that (1) S1.5 NPs are single crystalline, (2) P20 NPs are polycrystalline containing grains with sizes of down to 1 nm, and (3) C20 NPs contain grains with size ≥8 nm. 27 Immobilization of NPs on Surfaces for AFM and STM Imaging. Au(111) thin films were prepared and served as supports and electrodes for NPs. These films were produced in a high vacuum evaporator (model DV502-A, Denton Vacuum, Moorestown, NJ) following previously reported procedures. 26, 37 Freshly cleaved mica was preheated to 350°C. At background pressure of 10 −7 Torr, an Au slug was heated into vapor phase, which deposited onto the mica(0001) surfaces. Evaporations were stopped when the thickness reached 200 nm and were followed by annealing at 350°C for 20 min. Immediately before soaking in a designated thiol solution, the Au films were treated with H 2 flaming to decontaminate and enlarge Au(111) terraces.
AET SAMs were prepared by immersion of freshly hydrogen flamed Au electrodes in AET solution (1 mM in ethanol) for 24 h, followed by ethanol and hexane rinses, and dried in nitrogen. BMMBP SAMs were prepared following the same protocol. Immersion of the BMMBP SAM in a S1.5 NP solution (0.5 mg/mL) for 5 min allowed ∼40% coverage of Au NPs on the surfaces. S1.5 NPs were immobilized on the electrode through chemisorption between the Au cores of the NPs and the terminal thiol groups from the BMMBP SAM. 3, 38 P20 NPs and C20 NPs were immobilized following similar protocols as S1.5, using AET SAMS, and a soaking time of 3 h. The stability of surface supported C20 NPs was due to the electrostatic attraction of the citrate coating with the amine termini of the AET SAM. 38 Similar immobilization occurred between the glycine coating of P20 NPs and the amine termini of SAMs. Finally, the samples were immersed in C10S ethanol solution (0.1 mM) for 10 min just prior to STM investigation in UHV to passivate defects within the SAMs.
Characterization of the Overall Particle Size via AFM Imaging. AFM images were acquired using an MFP-3D AFM (Asylum Research, Santa Barbara, CA). Imaging was performed under tapping mode with silicon cantilevers (AC-240, Olympus, spring constant 1 N/m), and the damping was set to 80%. Images were acquired at a scanning speed of 1.25 μm/s and a pixel size of 256 × 256 and analyzed using Asylum MFP-3D software developed on the Igor Pro 6.34 platform. The overall sizes of P20, C20, and S1.5 NPs, measured from their height in topographic images, were 20.9 ± 0.9, 21.1 ± 1.0, and 2.3 ± 0.1 nm, respectively, which are consistent with the Au particle cores' diameters 20.0 ± 0.9, 20.2 ± 1.5, and 1.5 ± 0.4 nm, respectively.
STM Imaging and I−V Measurements. The STM operates under UHV (STM100, RHK Technology, Troy, MI) with a base pressure of 5 × 10 −10 Torr. The STM tips were made from a 0.01 in. tungsten wire, cut and sharpened by electrochemical etching in a 3 M NaOH solution. 25 Prior to I−V measurements, STM images of surface bound NPs were imaged under voltage of 0.5 to 1.0 V, where the typical tunneling current range was 5−40 pA. From STM topographs, we selected the particles that were characteristic of the systems and relatively isolated from the high coverage regions. The sizes of the selected NPs were measured from the height in the STM topographs. Because STM height is convoluted with the local density of state, 39 we calibrated the STM height by acquiring STM images of identical samples that had AFM images taken of them. The size distributions of the three Au NPs systems selected for this investigation were very narrow: For example, in the case of P20 NPs, there was 4.5% dispersion of Au core size based on TEM imaging and 4.3% dispersion of overall size based on AFM measurements. With this narrow distribution, our calibration is accurate up to 1 nm. Upon selection of a NP, the tip was parked over the center of the particle, and I−Z measurements were taken, typically at 1.0 V and 30 pA, from which the contact point and tip-particle separation were determined. 6 The tip was then parked at the designed separation, and I−V measurements were acquired at a rate of 20 V/s. The numerical fitting of the I−V spectrum using the DBTJ model was performed using SETNETS freeware. 39, 40 Confocal Spectroscopy. Emission spectra of P20 NPs were acquired by LSCM (Olympus Fluoview 1000, Olympus America, Central Valley, PA) using a Plan Apo N (60×, NA = 1.42) oil-immersion bright-field objective with a working distance of 0.15 mm. P20 NPs were drop cast onto a glass slide, followed by drying in air before being studied by LSCM. For the emission spectra acquired, NPs were illuminated via 514 nm excitation at 8.9 mW.
